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Cross Reference to Related Applications 

The present application is a continuation-in-part application of copending U.S. 
Application Serial No. 09/325,976, filed June 4, 1999, which is a continuation-in-part 
(CIP) of Application Serial No. 08/479,901, filed June 7, 1995, and issued November 2, 
1999 as US Patent no. 5,975,225, which was a CIP of Application Serial No. 08/384,705, 
filed February 3, 1995, and issued October 26, 1999 as US Patent no. 5,971,091, which 
was a CIP of Application Serial No. 08/250,693, filed May 27, 1994, and issued 
December 24, 1997 as US Patent no. 5,701,965, from which the present application 
claims priority, all of which applications and patents are incorporated herein by reference. 

Technical Field 

The present invention pertains to modes for actively balanced operation of an 
elevated support for a user or equipment. 

Background Art 

"Stability" as used in this description and in any appended claims refers to the 
mechanical condition of an operating position or attitude of a mechanical system with 
respect to which the system will naturally return if the system is perturbed away from the 
operating position or attitude in any respect. 

The term "dynamically stabilized transporter" refers, in this application, to a 
device for personal locomotion or support of a person or equipment in a fixed position, 
which device has a control system that is capable of actively maintaining the stability of 
the transporter during operation of the transporter. The control system maintains stability 
of the transporter by continuously sensing the orientation, and/or changes in the 
orientation, of the transporter, determining the corrective action to maintain stability, and 
commanding the wheel motors to make the corrective action. Such a transporter is 
described, for example, in U.S. Patent no. 5,971,091 (Kamen et al., issued October 26, 
1999), which is incorporated herein by reference. 
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A wide range of vehicles and methods are known for supporting or transporting 
human subjects. Typically, such vehicles or supports rely upon static stability, being 
designed so as to be stable under all foreseen conditions of placement of their ground- 
contacting members. Thus, for example, the gravity vector acting on the center of gravity 
of an automobile passes between the points of ground contact of the automobile's wheels, 
the suspension keeping all wheels on the ground at all times, and the automobile is thus 
stable. Another example of a statically stable vehicle is the stair-climbing vehicle 
described in U.S. patent no. 4,790,548 (Decelles et al.). 

Summary of the Invention 

In accordance with preferred embodiments of the present invention there is provided 
a device for carrying a payload, which may include a user, over a surface. The device has 
a payload support which supports the payload at a height above the surface, and a 
ground-contacting module, mounted to the platform, that includes a plurality of laterally 
disposed ground-contacting members. The ground-contacting module defines a fore-aft 
plane by virtue of its direction of motion. The device also has a motorized drive 
arrangement, coupled to the ground-contacting module. Together, the drive arrangement, 
ground-contacting module and payload constitute a system, and the motorized drive 
arrangement causes, when powered, automatically balanced operation of the system in an 
operating position that is unstable with respect to tipping in at least a fore-aft plane when 
the motorized drive arrangement is not powered. Finally, the device may have an 
elevation mechanism for permitting variation of the height of the payload above the 
surface. 



Brief Description of the Drawings 

The foregoing features of the invention will be more readily understood by 
reference to the following detailed description, taken with reference to the accompanying 
drawings, in which: 

Fig. 1 A is a front view and Fig. 1 A ID are side views of one embodiment of a 
human transporter allowing a user to change elevation with respect to the ground while 
being supported on a balancing device; 



Figs. IE and IF are rear views of a ladder-bearing human transporter device that 
provides for lateral pivoting of a user support with respect to a transporter base in 
accordance with an embodiment of the present invention; 

Fig. 2 depicts a further embodiment of a human transporter in which a user may 
change elevation with respect to the ground while being supported on a balancing device; 

Fig. 3 is a basic block diagram of a controller of a transporter, in accordance with 
embodiments of the invention; 

Fig. 4 is a block diagram showing generally the nature of sensors, power and 
control with the embodiment of Fig. 1; 

Fig. 5 is a side view of a balancing transporter employing an alternate means for 
adjusting the elevation above the ground of a seated user, in accordance with another 
embodiment of the invention; 

Fig.6 is a side view of a balancing transporter employing hydraulic pistons for 
adjusting the elevation above the ground of a user, in accordance with another 
embodiment of the invention; 

Fig. 7 is a side view of a balancing transporter configured as a "cherry picker" in 
which an articulated mechanism is employed for adjusting the elevation above the ground 
of a user borne in a bucket, in accordance with another embodiment of the invention* 

Fig. 8 is a side view of a balancing transporter employing a scissor mechanism for 
adjusting the elevation above the ground of a user, in accordance with another 
embodiment of the invention and 

Fig. 9 is a perspective view of a balancing transporter employing a vertical lift for 
adjusting the elevation above the ground of a user, in accordance with yet another 
embodiment of the invention. 

Detailed Description of Specific Embodiments 

A simplified embodiment of the invention is first discussed with reference to the 
various views depicted in Figs. 1 A-1F. Fig. 1 A depicts a front view of a personal 
transporter, designated generally by numeral 10, bearing a user support 12, here shown as 
a ladder. A user (or 'subject') 8 may stand, or be otherwise supported, on user support 12 
or on a supporting member. While, in the embodiment depicted in Fig. 1 A, user support 
12 is a ladder, it may also be a platform, step, seat, bucket, or other structure. To the 
extent to which the height of the user support may be varied either through active 



adjustment or with mechanical assistance, such adjustment provision is referred to herein, 
and in any appended claims, as an 'elevation mechanism.' 

A controller 14 provides user input to a control loop, including motorized-drive 
28, and tilt sensor module 30, provided so that leaning of the transporter device results, 
5 during a lean-controlled mode of operation, in the application of torque by motorized- 
drive 28 to a ground-contacting member (in this case, wheel 20) about axle 22 thereby 
causing an acceleration of the transporter. Transporter 10 (otherwise referred to, herein, 
as a 'vehicle'), is statically unstable, and, absent operation of the control loop to maintain 
dynamic stability, other measures must be taken, such as those discussed below, to 
10 provide stable support for the payload. 

Different numbers of wheels or other ground-contacting members may 
advantageously be used in various embodiments of the invention as particularly suited to 
varying applications. Thus, as described in greater detail below, the number of ground- 
contacting members may be any number equal to, or greater than, one. Transporter 10, by 
15 virtue of its overall small projection onto the underlying surface, may advantageously be 
used as a mobile work platform. 

A characteristic of many transporter embodiments to which the present invention 
may be applied is the use of a pair of laterally disposed ground-contacting members 20 to 
support a subject over a surface with respect to which the subject is being transported. 
20 The ground or other surface, such as a floor, over which a vehicle in accordance with the 
invention is employed may be referred to generally herein as the "ground." The ground- 
contacting members 20, here depicted as wheels, are motor-driven. In many 
embodiments, the configuration in which the subject is supported during locomotion 
lacks inherent stability in the fore-aft plane at least a portion of the time with respect to a 
25 vertical (axis z) but is relatively stable with respect to a vertical in the lateral plane. 

Some embodiments of the invention may invoke the concept of primary wheels. 
The term "primary wheels," as used in this description and in any appended claims, refers 
to a minimum set of a vehicle's wheels on which the vehicle is capable of operating 
stably. More generally, the term "primary ground-contacting members" allows for a more 
30 general class of members, that includes but is not limited to wheels. Hence, as used in this 
description and in any appended claims, "primary ground-contacting members" refers to a 
minimum set of a vehicle's ground-contacting members on which the vehicle is capable 



4 



of operating stably. Other ground-contacting members may include, without limitation: 
arcuate sections of a wheel, clusters of wheels, treads, etc. 

In various embodiments of the invention, fore-aft stability may be achieved by 
providing a control loop, in which one or more motors are included, for operation of a 
motorized drive in connection with the ground-contacting members. As described below, 
a pair of ground-contacting members may, for example, be a pair of wheels or a pair of 
wheel clusters. In the case of wheel clusters, each cluster may include a plurality of 
wheels. Each ground-contacting member, however, may instead be a plurality (typically a 
pair) of axially-adjacent, radially supported and rotatably mounted arcuate elements. In 
these embodiments, the ground-contacting members are driven by the motorized drive in 
the control loop in such a way as to maintain, when the vehicle is not in locomotion, the 
center of mass of the vehicle above the region of contact of the ground-contacting 
members with the ground, regardless of disturbances and forces operative on the vehicle. 

Also, as described above, in addition to control of the vehicle by leaning, user input 
may be separately incorporated into the control loop in a manner equivalent to variation 
of one or more of the input variables. Thus, for example, the user may provide an input, 
by means of a user interface of any sort, the input being treated by the control system 
equivalently to a change, for example, in vehicle orientation or tilt. Such an interface 
may include, for example, a thumbwheel or a joystick mounted on a user input interface 
14, which, in the embodiment depicted, may travel along a rail as the user ascends or 
descends support 12. In other embodiments of the invention, user input interface 14 may 
be detached from the transporter and carried by the user, and may communicate with the 
control system of the transporter either by wire or wirelessly. 

Transporter 10 may be operated in a station-keeping mode, where balance is 
maintained substantially at a specified position. Additionally, transporter 10 may also be 
capable of maintaining a fixed position and orientation without active balancing, under 
specified conditions, when the user 8 is either on, or off, user support 12. This mode of 
operation prevents runaway of the vehicle and provides for the safety of the user and 
other persons, such as when the user has ascended support 12 to conduct some activity at 
an elevated position above the ground. In certain embodiments, once the ladder, or other 
support, is in a desired position, as leaning against a house or other structure, as shown in 
Fig. IB, for example, wheels 20 may be locked and any balancing function is disabled. 
User 8 may resume the balancing function and continue driving and steering transporter 



10 from atop support 12 by use of user interface 14, as depicted in Fig. 1C. Referring to 
Fig. ID, user 8 may control balancing transporter 10 via user input device 14 tethered, or 
wirelessly coupled, to the transporter, and drive the transporter to a desired location. 

Lateral stability may be provided, in accordance with certain embodiments of the 
5 invention, as depicted in Figs. IE and IF. A pivot 4 parallel to the direction of motion of 
transporter 10 allows support 12 to pivot with respect to transporter ground-contacting 
module 26. A motor (not shown) coupled between the ladder and the ground-contacting 
module allows torque to be applied to the base of the ladder to keep it vertical in the face 
of ground irregularities, as shown in Fig. IF. Torque is applied to maintain ladder 
10 vertically in the same manner as controller 24 maintains fore/aft stability in the face of 
transporter tilt. 

Referring now to an embodiment of the invention depicted in Fig. 2, the user may 
also stand on platform (or 'base') 16 of ground-contacting module 26. Wheels 20 are 
shown as coaxial about the Y axis. Any user input device that provides the functions 
15 discussed below is within the scope of the present invention. 

A forceplate 6 or other sensor, disposed on user support 12, detects the presence 
and, in some embodiments, also the position, of a user on the device. Alternatively, or in 
addition, one or more sensors may be disposed on user support 12 in order to detect the 
presence or position of the user. 

20 In addition to primary ground-contacting elements 20, a stationary ground- 

contacting element, such as a retractable foot (not shown), may be provided for static 
stability when it is desirable to lock transporter 10 in a stationary position with the 
dynamic stabilization mechanism disabled. A retractable foot may be lowered by an 
actuator mechanism, typically a hydraulic piston or screw drive actuator, when the user 

25 wishes to provide static stability at a specified location. 

One or more actuators 36 (shown in Fig. 7), typically driven either hydraulically 
or by a screw drive, may be employed to extend the height of support 12. 

A simplified control algorithm for achieving balance in the embodiment of the 
invention according to Fig. 1 when the wheels are active for locomotion is shown in the 
30 block diagram of Fig. 3. The plant 61 is equivalent to the equations of motion of a system 
with a ground contacting module driven by a single motor, before the control loop is 
applied. T identifies the wheel torque. The remaining portion of the figure is the control 
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used to achieve balance. The boxes 62 and 63 indicate differentiation. To achieve 
dynamic control to insure stability of the system, and to keep the system in the 
neighborhood of a reference point on the surface, the wheel torque T in this embodiment 
is governed by the following simplified control equation: 

5 T = K 1 (e~e 0 ) + K 2 (e-6 0 ) + K 3 (x^x 0 ) + K 4 (x-x 0 ) , (Eqn. 1) 

where: 

• T denotes a torque applied to a ground-contacting element about its axis of rotation; 

• G is a quantity corresponding to the lean of the entire system about the ground contact, 
with 0 o representing the magnitude of a system pitch offset, all as discussed in detail 

10 below; 

• x identifies the fore-aft displacement along the surface relative to a fiducial reference 
point, with x 0 representing the magnitude of a specified fiducial reference offset ; 

• a dot over a character denotes a variable differentiated with respect to time; and 

• a variable subscripted with a '0' denotes a specified offset that may be input into the 
15 system as described below; and 

• Ki, K 2 , K 3 , and K4 are gain coefficients that may be configured, either in design of the 
system or in real-time, on the basis of a current operating mode and operating conditions 
as well as preferences of a user. The gain coefficients may be of a positive, negative, or 
zero magnitude, affecting thereby the mode of operation of the vehicle, as discussed 

20 below. The gains Ki, K 2 , K 3 , and K4 are dependent upon the physical parameters of the 
system and other effects such as gravity. The simplified control algorithm of Fig. 3 
maintains balance and also proximity to the reference point on the surface in the presence 
of disturbances such as changes to the system's center of mass with respect to the 
reference point on the surface due to body motion of the subject or contact with other 

25 persons or objects. It should be noted that the amplifier control may be configured to 
control motor current (in which case torque T is commanded, as shown in Fig. 3) or, 
alternatively, the voltage applied to the motor may be controlled, in which case the 
commanded parameter is, to a close approximation, in the case of low-resistance motors, 
velocity. The motor speed may also be controlled. 

30 The effect of 6 0 in the above control equation (Eqn. 1) is to produce a specified 

offset 0 0 from the non-pitched position where 0 =0. As discussed in further detail below, 
in various embodiments, pitch offset may be adjusted by the user, for example, by means 
of user input interface 14, shown in Fig. 1. Alternatively, 0 O can be set by the control 



system of the vehicle as a method of limiting the speed and/or the performance of the 
vehicle. 

In other embodiments of the invention, a balancing ladder may be driven solely 
under joystick control. 

The magnitude of K 3 determines the extent to which the vehicle will seek to return 
to a given location. With a non-zero K 3 , the effect of x 0 is to produce a specified offset - 
x 0 from the fiducial reference by which x is measured. When K 3 is zero, the vehicle has 
no bias to return to a given location. The consequence of this is that if the vehicle is 
caused to lean in a forward direction, the wheels will move in a forward direction, 
thereby maintaining balance. 

The term "lean", as used herein, refers to a quantity that expresses the orientation 
with respect to the vertical (i.e., an imaginary line passing through the center of the earth) 
of a line from the center of gravity (CG) of the system through the theoretical line 
characterizing the ground contact of the wheels (even if the actual ground contact is a 
region of small area). The term "system" refers, unless the context requires otherwise, to 
all mass caused to move due to motion of the ground-contacting elements with respect to 
the surface over which the vehicle is moving. 

In order to accommodate two wheels instead of the one-wheel system illustrated for 
simplicity in Fig. 3, separate motors may be provided for left and right wheels of the 
vehicle and the torque desired from the left motor and the torque to be applied by the 
right motor can be governed as shown in Fig. 4. In the block diagram of Fig. 4 it can be 
seen that a control system 51 is used to control the motor drives and actuators of the 
embodiment of Fig. 1 to achieve locomotion and balance. These include motor drives 531 
and 532 for left and right wheels respectively. If clusters of wheels are present, as in the 
embodiment of Fig. 6, actuators are provided for left and right clusters respectively. The 
control system has data inputs including user interface 561, pitch sensor 562 for sensing 
fore-aft pitch, and wheel rotation sensors 563, and pitch rate sensor 564. Pitch rate and 
pitch may be derived through the use of gyroscopes or inclinometers, for example, alone 
or in combination. Additionally, tracking both the left wheel motion and the right wheel 
motion permits adjustments to be made to prevent unwanted turning of the vehicle and to 
account for performance variations between the two drive motors. 

Operating modes of the transporter may include modes wherein the rider is 
supported by the transporter but may also include modes where the rider is not supported 
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by the transporter. For example, it may be advantageous for the rider to be able to 'drive' 
or to 'conduct' the transporter while walking alongside or behind it. 

Fig. 5 shows use of a three-wheel cluster design in various modes and 
configurations. Each three- wheel cluster (right-hand cluster 111 is shown here) is 
rotatably mounted and motor-driven about axis 112, using separately controllable motors. 
The wheels 114 of each cluster are separately driven and controlled, but run 
synchronously in each cluster. Link 120, coupling support 25 to ground-contacting 
module 26, allows for variation of the elevation above the ground of user 101. 

Alternate embodiments of the present invention are depicted in Figs. 6-9. In Fig. 
6, actuators 80, which may be hydraulic or pneumatic lifters, for example, are provided 
for varying the separation between support 12 and platform 16, thereby varying the 
elevation of a payload supported by support 12. Operation of the device may be 
controlled by user input interface 14, located on the support. In the embodiment of Fig. 7, 
hydraulic or pneumatic actuators 36 lift support 12 in a vertical direction by actuating 
articulating arms 38, 40, and 42 about the mutual pivots. Alternatively, vertical position 
may be adjusted, as depicted in Fig. 8, using a hydraulic or pneumatic lifter 80 to lift 
support 12 in a vertical direction substantially above common axis 22 of wheels 20. In yet 
a further embodiment of the invention, shown in Fig. 9, vertical position may be adjusted 
using a ratchet drive or screw drive 80 to elevate support 12 with respect to a vertical 
mast 82. 

Various of the foregoing embodiments may advantageously be used to support a 
camera in either a stationary position or in motion, thereby providing the functionality of 
a camera dolly. 

It should be noted that although many of the embodiments described herein utilize 
separate motors individually controlled, a common motor may be used for a number of 
functions, and the separate control may be achieved by appropriate clutch or other power 
transmission arrangement, such as a differential drive. The term "motorized drive" as 
used in this description and the following claims means any device that produces torque 
or force regardless of means, and therefore includes any device that converts an energy 
source to mechanical power, including a motor that is electric, hydraulic, pneumatic, or 
thermodynamic (the later including an internal combustion or an external combustion 
engine) together with any appropriate arrangement for transmission of such mechanical 
power. 
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The described embodiments of the invention are intended to be merely exemplary 
and numerous variations and modifications will be apparent to those skilled in the art. All 
such variations and modifications are intended to be within the scope of the present 
invention as defined in the appended claims. 

01062/00D02 259628.1 
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